ABSTRACT: Near-infrared (NIR) absorbing dyes represent an intriguing avenue for extracting biological information from living subjects since they can be monitored with noninvasive optical imaging techniques. We designed and synthesized an imaging agent which contains a NIR fluorochrome (IR780) and peptidyl fluoromethyl ketone (FMK) for caspase-9 imaging of cells undergoing apoptosis. The IR780-FMK fluorescent probe had a Strokes shift of 79 nm and quantum yield 0.75. Prostate cancer DU145 cells undergoing apoptosis were successfully imaged using as little as 0.1 μM of IR780-FMK.
Introduction
Apoptosis is the process of programmed cell death by which multicellular organisms regulate cell number and maintain homeostasis. Within the series of biochemical events involved in apoptosis, the activation of caspases is recognized a critical marker. Apoptosis can be triggered by extrinsic or intrinsic signals such as physiological activators (TNF family, neurotransmitters, calcium, glucocorticoids), damagerelated inducers (heat shock, viral infection, tumor suppressors p53, oxidants, free radicals), therapyassociated agents (chemotherapeutic agents, gamma radiation and UV radiation) and toxins (ethanol, β-amyloid peptide) (1) (2) (3) (4) (5) . Defective apoptosis processes can lead to severe pathological disorders, for example, downregulated apoptosis is involved in autoimmune diseases, cancer and viral infections (6, 7) ; abnormal upregulation of apoptosis is associated with AIDS, neurodegenerative disorders and ischemic injury (7, 8) . Therefore, the development of caspase inhibitors could be novel treatments for a variety apoptosis associated diseases.
A number of peptidyl caspase inhibitors have been developed including peptidyl chloromethyl ketones, peptidyl fluoromethyl ketones and peptidyl aldehydes. The chloromethyl ketones have strong electrophilicity and are not stable to high concentrations of thiol which limits their use in vivo (9) . The aldehyde based inhibitors are poorly cell permeable and are not effective caspase inhibitors under concentrations of 1 μM (10). The fluoromethyl ketone (FMK) inhibitors, which are more stable in vivo and cell permeable (10, 11) , act as broad-spectrum, irreversible caspase inhibitors (12) with no added cytotoxic effects. Inhibitors synthesized with a benzyloxycarbonyl group (such as Boc-or Z-) at the N-terminus and O-methyl side chains such as Z-Val-AlaAsp(OMe)-FMK display improved cellular permeability facilitating their use in both in vitro cell culture and in vivo animal studies (13, 14) .
In this work, we synthesized an imaging agent containing a NIR fluorochrome IR780 with high quantum yield and the cell permeable fluoromethyl ketone Z-Val-Ala-Glu(OMe). The structure of it is shown in Figure 1 . The agent irreversibly binds caspase-9 in cells undergoing apoptosis and can be used to monitor live cells undergoing apoptosis. Fluorochromes with absorption and emission maxima between 650 and 900 nm are within the NIR range and are ideally suited for imaging in tissue due to the minimal optical absorption from hemoglobin, water, and lipids over this range (15) (16) (17) . This is a significant benefit over current commerical cell caspase imaging agents, such as FLIVO™, which use fluorophores wavelengths less than 600 nm, e.g. fluorescein and rhodamine, where there is significantly more tissue autofluorescence and optical attenuation.
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Materials and Methods
Chemicals
All chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) and used as received unless stated otherwise. Solvents were distilled under argon immediately before use. NMR spectra were taken on a 400-MHz Bruker with the TMS peak as internal reference. 
Spectral properties of IR780-linker-Val-Ala-Glu(OMe)-FMK
The fluorescent spectrum of a 1-μM solution of IR780-linker-Val-Ala-Glu(OMe)-FMK in DMSO was recorded using a Shimadzu RF-5301 PC spectrofluorophotometer. The Stokes shift was determined by the difference in wavelength between excitation and emission maxima. The quantum yield was measured according to a reported protocol (18, 19) using cresyl violet as a reference.
Cell imaging for apoptosis
The DU145 cell line was cultured in Eagle's Minimum Essential Medium (MEM) supplemented with 10% fetal bovine serum and 1% L-glutamine. Cells were seeded into an 8-chamber culture slide at a density of 40,000 per well, 
TUNEL assay
DU145 cells were treated with 1 μM of camptothecin as described in section 2.3 for 24 h and then were fixed in freshly prepared 4% paraformaldehyde in PBS, pH 7.4, for 1 h at ambient temperature. After washing with PBS, cells were permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate for 2 min on ice. Cells were incubated with TUNEL reaction mixture (Roche Diagnostics, Indianapolis, IN, USA) at 37°C in a humidified atmosphere for 1 h. Samples were directly imaged under a Nikon Eclipse 80i microscope coupled with a Hamamatsu ORCA-ER digital camera at 465-495 nm excitation and 515-555 nm emission.
Results and Discussion
Synthesis of the NIR fluorescent imaging agent [IR780-linker-Val-Ala-Glu(OMe)-FMK]
We successfully synthesized the NIR fluorescent imaging agent [IR780-linker-Val-Ala-Glu(OMe)-FMK] in 11 steps with an overall yield 0.75%. The structure of each compound was determined by 1 
H-NMR or together with APCI-MS (ESI-MS).
Optically pure starting materials were used in the synthesis; however, isomers may have been introduced during the synthesis at the three chiral centers. During the purification of compound 5, only the major compound was collected, a pair of enantiomers, which resulted in the low yield of 32%. The enantiomers were not separated further before proceeding.
Absorption and emission spectrum of IR780-linker-Val-Ala-Glu(OMe)-FMK
The structure of IR780-linker-Val-Ala-Glu(OMe)-FMK consists of three parts: the IR780 fluorophore, the linker, and the fluoromethyl ketone of the tripeptides valine, alanine, and O-methyle-glutamic acid [Val-AlaGlu(OMe)-FMK] as the reactive part to the caspase-9. IR780-linker-Val-Ala-Glu(OMe)-FMK had a maximum excitation at 650 nm ( Figure 3 ) and emission at 729 nm respectively. By contrast, the λ max of unconjugated IR780 dye was at 685 and 760 nm for excitation and emission, and after overnight incubation, they were treated with or without 1 μM of camptothecin. After 24 h, IR780-linkerVal-Ala-Glu(OMe)-FMK (compound 10) or IR780 iodide at different concentrations (0.1, 0.2, 0.5 and 1.0 μM) was applied, and the cells were incubated at 37°C for 30 min. Fresh MEM medium was exchanged once every hour for 3 h. The cells were washed once with sterile phosphate buffered saline (PBS) for fluorescent imaging using a Nikon Eclipse 80i microscope coupled with a Hamamatsu ORCA-ER digital camera. The fluorescent images were analyzed using the MetaMorph software.
For the nuclear counterstain, DU145 cells were seeded onto a 12-mm coverslip in 6-well plate at a density of 1.
Then the cells were washed twice with sterile PBS and subsequently incubated with 5-μg/mL DAPI in MEM for at 37°C for 5 min. Finally, the cells were washed with sterile PBS twice and imaged using the system described above.
The acute toxicity of the IR780-linker-Val-AlaGlu(OMe)-FMK in cell culture was determined by incubating the cells with the imaging agent for 30 min and then measuring the ratio of dead to live (attached cells). DU145 cells had been seeded at 1.5 × 10 5 cells/well in a 6-well plate and allowed to attach overnight before addition of the imaging agent.
Western blotting
DU145 cells were treated with 1 μM of camptothecin as described in the previous section, and cell lysates were prepared with a solution of 1% Nonidet P-40, 50-mM Tris, 150-mM NaCl, APL protease inhibitors, and PMSF adjusted to pH 7.4. After treatment, floating cells were collected by aspiration, and attached cells were collected by trypsinization followed by centrifugation at 350 × g for 5 min. Cell pellets were incubated with lysis buffer on ice for 20 min and then centrifuged at 3,000 × g for 20 min at 4°C. The protein concentration was determined by BCA assay. Samples (40 μg of protein/sample) were separated by 10% polyacrylaminde gel and then transferred onto 0.45-μm nitrocellulose membrane, which was then blocked with 5% (w/v) non-fat milk in TBS and 0.1% Tween 20 (TBS/T). After washing with TBS/T, the nitrocellulose membrane was incubated with the anti-caspase-9 polyclonal antibody (diluted 1:1,000, Cell Signaling Technology #9502, Danvers, MA, USA) overnight at 4°C, followed by horseradish peroxidase-conjugated secondary antibody (diluted 1:2,000, Santa Cruz Biotechnology #sc-2004, Santa Cruz, CA, USA) for 1 h at ambient temperature. Proteins were visualized with the Western Lightening ® ECL detection system from Perkin Elmer. respectively. The fluorescence quantum yield (Ф) was calculated as 0.75, which was determined in methanol with reference compound cresyl violet (Ф = 0.54 in methanol, (20) ). The quantum yield is high enough to be employed as a fluorescent label in cell imaging studies.
Camptothecin induces apoptosis via activation of caspases-9
The caspase proteases can be activate either though the death signal-induced or stress-induced pathways. Caspase-9 is an activator of apoptosis in the mitochondrion-mediated or stress-induced pathway, wherein it subsequently activates caspases-3/6/7. Caspase-9 can be bypassed in the death signal-induced pathway when death receptors (e.g. TNF receptor) activate caspases-3/6/7 directly via caspase-10 (21). Camptothecin inhibits DNA synthesis and was expected to induce apoptosis via the caspase-9 pathway. After treatment with camptothecin, TUNEL assay indicated DNA fragmentation characteristic of apoptosis ( Figure 4 ) and immunoblotting found cleaved caspase-9 fragments ( Figure 5 ), which are the target of the IR780-linker-ValAla-Glu(OMe)-FMK imaging agent.
The normal DU145 cells had no uptake of IR780 dye in the tested concentration range (0.1-1 μM). The unconjugated IR780 dye is highly polar and cell membrane impregnable, and we did not observe nonspecific uptake of the unconjugated IR780 dye in normal or apoptotic DU145 cells (images not shown). DU145 cells undergoing apoptosis showed fluorescent signals, because IR780-linker-Val-Ala-Glu(OMe)-FMK bound to the cleaved caspase-9 induced by camptothecin, 223 which caused it to be retained within the cells ( Figures  6D, 6E, and 6F) . Furthermore, counter-staining of the cells with DAPI confirmed that the IR780-linker-ValAla-Glu(OMe)-FMK was confined to the cytoplasm (Figure 7) . The inhibition and binding of IR780-linkerVal-Ala-Glu(OMe)-FMK to cleaved caspase-9 is a result Figure 6C ). This was probably due to the high cell confluence (~ 90%) used for the imaging, as this non-specific binding was not observed in the cells at 60% confluency used for the DAPI counterstaining (Figure 7) , and the imaging agent alone was not toxic. When the cells were incubated with the imaging agent for 30 min, there were no statistically significant differences in cell death between 0, 0.1 and 0.5 μM of agent, which resulted in 3.17 ± 0.85, 3.01 ± 1.17, and 3.34 ± 1.01% dead cells, respectively.
Conclusion
The synthesis of a new NIR fluorescent imaging agent [IR780-Val-Ala-Glu(OMe)-FMK] for caspase-9 was successfully accomplished in 11 steps (0.75% overall yield), which has a maxima excitation at 650 nm and emission at 729 nm. The in vitro cell imaging demonstrated the sensitivity of this imaging agent for caspase-9-mediated cell apoptosis. At high confluences and dye concentrations, the dye uptake lost specificity. The NIR fluorescent probe could be ideally suited for in vivo imaging to monitor tumor cell progress and cell apoptosis induced by chemotherapeutics.
(0.5 mL) was hydrogenated with H 2 (40-45 psi) at ambient temperature for 5 h using 10% Pd/C (0.5 g) catalyst. The Pd/C was filtered off and the solvent was evaporated under reduced pressure. The desired compound was obtained as colorless viscous oil (0.92 g, yield 87%), which was used for the next step without further purification. 3 mmol) were dissolved in DMF (100 mL) followed by addition of TEA (4.3 mL). The reaction was stirred at ambient temperature for 24 h and then diluted with saturated citric acid (100 mL). Then the mixture was washed with EtOAc (100 mL × 2), and the combined organic layers were washed with brine, saturated NaHCO 3 and brine, respectively, and then dried over Na 2 SO 4 . Removal of the solvent under reduced pressure followed by purification on silica gel (EtOAc:hexanes = 1:3) gave the desired compound (4.48 g, 86%) as a white solid. Boc-Val-Ala-COOH (compound 4). Boc-Val-Ala-OBn (Compound 3, 5.0 g, 12.7 mmol) was dissolved in THF (100 mL), and the solution was hydrogenated with H 2 (1 atm) using 10% Pd/C catalyst (0.50 g) for 24 h. The solid Pd/C was removed by filtration, and the solvent was evaporated under reduced pressure. The desired compound was obtained as a white solid (3.4 g, 82%). 9 mmol) were dissolved in anhydrous THF (10 mL) at ambient temperature. After 10 min a solution of 4-amino-6-fluoro-5-hydroxyhexanoic acid methyl ester (compound 2, 0.69 g, 3.9 mmol) in anhydrous THF (10 mL) was added directly to the above solution, and the reaction was stirred at ambient temperature overnight. The solvent was removed under reduced pressure, and the residue was dissolved in EtOAc, washed with saturated NaHCO 3 , brine, and citric acid, respectively. The organic layer was dried with
